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In the past few decades, thin film solar cells based on metal chalcogenides have gained growing interest in the research field as alternatives to conventional crystalline silicon solar cells. The most prominent examples of thin film technologies are CdTe and copper indium gallium selenide (CIGS), which exhibit competitive power conversion efficiencies with silicon solar cells. 1 However, the fabrication of efficient CIGS or CdTe solar cells requires the use of vacuum or high temperature and these materials contain elements in limited supply, leading to high production costs. As such, there is a need to develop new thin film materials that can be used in solar energy conversion devices.
Tin sulfide (SnS) has emerged as a promising solar cell material, as a replacement candidate for more conventional thin film absorbers such as CdTe and CIGS. 2−5 In particular, SnS has attracted increasing attention due to its potential for cost-competitive, large-scale and environmentally friendly photovoltaic applications. As a solar cell absorber, SnS has a high optical absorption coefficient (>10 4 cm -1 ) and an ideal band gap of 1.3 eV. 6−7 In addition, SnS is known to be stable under ambient conditions and also exists in nature as a mineral, Herzenbergite; therefore, SnS has better prospects in terms of stability compared to other technologies such as hybrid lead halide perovskite and organic solar cells. For example, in a recent study, it was found that the PCE of a SnS-based solar cell kept almost constant during storage in air for six months without encapsulation. 15 However, these deposition methods require vacuum, high temperature or slow deposition rates; thus, they are not ideal for large-scale production.
Motivated by this, in our previous work we reported a solution-processed fabrication technique for SnS thin film solar cells. 16 Specifically, SnS films were fabricated from a pyridine solution containing SnCl2 and thioacetamide. Planar heterojunction solar cells based on such SnS layers were shown to exhibit a short circuit current (Jsc) of 11.6 mAcm -2 , open-circuit voltage (Voc) of 0.276 V and fill factor of 0.38, leading to a PCE of 1.2%. However, the performance of these solar cells is most likely limited by poor surface coverage / morphology of the SnS absorber on TiO2. For example, a poor coverage would be expected to limit the light harvesting efficiency as well as lead to pin holes / shorting pathways that may serve to reduce the photovoltage and fill factor of the solar cell. As such, it is E reasonable to suppose that improvements in device performance can be realized by optimization of the surface coverage and morphology of the SnS absorber layer.
In this paper, we build on our previous work and report an alternative fabrication route to tin (II) sulfide (SnS) films that enables better control of film coverage and morphology. Moreover, we extend this approach to the fabrication of SnS layers on high surface area, mesoporous TiO2 electrodes. 
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We first consider the fabrication of SnS thin films. The spin coating procedure employed herein to fabricate the films is schematically described in Figure 1 . A stable precursor solution was formed by dissolving two starting materials, SnCl2 and thioacetamide in tetrahydrofuran (THF). The resulting precursor solution lasted for more than seven days without any degradation. The precursor solution was spin coated on mp-TiO2 films to afford a precursor layer, which was then converted to a SnS layer via thermal annealing at 300 o C under N2 atmosphere. During the annealing process, thioacetamide decomposes to release H2S gas which serves as the sulfur source and reacts with the Sn 2+ ions in the precursor layer to form a grey-coloured SnS film. We note that the other by-products are volatile and leave the film during annealing. As can be seen in Figure 2a , the SnS film prepared from pyridine, exhibits large voids between the nanoplates, indicating incomplete coverage of the mesoporous-TiO2 layer with SnS; this being in agreement with previous work. 16 A SEM image of SnS films processed from THF is presented in Figure 2b . The films prepared from THF comprise SnS nanoplates with an average size of 800 nm.
Importantly, the SnS films processed from THF show a significantly better coverage relative to the films processed from pyridine. It is also noted that the SnS layer contains a porous network of nanoplates which take random orientations. Figure S1 shows a cross-sectional SEM image of SnS layer. This porous structure provides a high surface area and enables the organic hole transporting material to infiltrate inside the pores to form organic -inorganic semiconductor heterojunction vide infra.
Further optimization of the surface coverage and morphology was achieved by varying the concentration of the precursor solution and therefore the thickness of the absorber layer. The relationship between surface coverage and precursor concentration is presented in Figure 2c , these To confirm that our fabrication method leads to the formation of tin (II) sulfide, we resorted to X-ray diffraction (XRD) measurements. As shown in Figure 3a , the peaks are sharp and narrow indicating the material synthesized is highly crystalline. More importantly, all peaks match the orthorhombic SnS characteristics (Herzenbergite) without the presence of additional peaks (corresponding to SnS2 and Sn2S3) which have been observed previously when pyridine was used as the precursor solvent. 16 SEM-EDX measurements were used to study the chemical composition of the prepared SnS films.
The data presented in Figure 3b , reveals an atomic ratio for Sn:S of 1.16:1 indicating that the synthesized SnS films are sulfur-deficient. Due to the high volatility of sulfur, sulfur-deficiency is commonly observed in SnS films, especially when annealing is required. 17 The presence of 2% Cl in the sample is caused by the unreacted starting material SnCl2. We note that peaks corresponding to Si J and Cr in the spectrum come from the glass substrate and the Cr coating layer, which was used to prevent charging from the sample by the electron beam during measurement.
Next, the kinetics and yields of photoinduced charge transfer processes in SnS based photoactive layers were interrogated using microsecond transient absorption spectroscopy (µs-TAS). Figure 3c shows transient absorption spectra (mΔO.D. versus wavelength profiles) for mp-TiO2/SnS/P3HT and mp-TiO2/SnS samples measured at 10 µs following pulsed laser excitation at 510 nm. In the mp-TiO2/SnS/P3HT sample (black curve), we attribute the broad transient absorption band between ~ 750 nm -1050 nm to hole polarons in P3HT; this being in agreement with previous research. 18 In contrast, no transient absorption features are observed in the mp-TiO2/SnS sample. This could be due to either (i) poor charge separation at mp-TiO2/SnS heterojunctions or (ii) fast electron -hole recombination in mp-TiO2/SnS film occurring on timescales faster than the instrument response of the spectrometer. The kinetics of electron -hole recombination in SnS based heterojunctions reported herein were studied by monitoring the decay of the P3HT polaron band at 1000 nm. Figure 3d shows the recombination kinetics for two systems: mp-TiO2/SnS/P3HT (black curve) and the control sample, namely mp-TiO2/SnS (red curve). The recombination lifetime, τ50% (which we define as time taken for half the polarons to decay back to the ground state) in the mp-TiO2/SnS/P3HT system was found to be ~150 µs; this being constant with previous work. 16 It is pertinent to note that the change in optical K density (mΔO.D.) plotted on the y-axis in Figure 3d is directly related to the concentration of photogenerated species and is therefore a measure of the yield of charge separation. It is clear from the data presented in Fig 3c and 3d , that the mp-TiO2/SnS/P3HT films exhibit a higher yield of charge separation relative to mp-TiO2/SnS films. Moreover, Figure S3a (green curve) presents the transient absorption kinetics obtained in Al2O3/SnS/P3HT films. In this sample, the high conduction band edge of Al2O3 (as compared to TiO2) precludes electron injection from SnS to the metal oxide. Therefore, the transient signal observed in Al2O3/SnS/P3HT is most likely due to hole transfer from SnS to P3HT. Taken together, the data presented in Figure 3c and S3a suggests that, in part, photoinduced charge separation in our mp-TiO2/SnS/P3HT films is initiated by hole transfer from SnS to P3HT. We note that similar behaviour has been reported in other metal sulfide / polymer assemblies such as Sb2S3/P3HT films and CdS QD / polymer blends. [19] [20] [21] [22] [23] We note that it is possible that photoinduced charge separation via electron trasnfer form the excited state of P3HT to SnS and/or TiO2 may also contribute to the P3HT + TAS signal presented in Figure 3d However, we believe that the signal observed herein is mainly due to hole transfer from SnS to P3HT. This is supported by the solar cell performance data reported herein as discussed later.Furthermore, it is pertinent to note that the size of the TAS signal in the mesoporous sample in Figure 3d is three-fold greater in magnitude relative to L that previously observed in the planar sample. 16 This is most likely due to an improved interface and the mesoporous nature of the film providing a high surface area of charge separation to take place. Table 1 . It is apparent from the data presented in Figure 4a and Table 1 that we could obtain thicker SnS absorber layers by increasing the concentration of the precursor solution; and increasing the SnS film thickness and thus coverage leads to an improvement in device PCE. In particular, the best-performing device is based on a 525 nm SnS layer which was prepared from the precursor solution (1.5 M) and it gave a PCE of 2.6%. Devices with higher concentration (2.0 M) were also made, but there was no significant improvement in neither coverage nor device efficiency (see Figure S2b ). We note, that the use of a mesoporous TiO2 electron accepting electrode as compared to a planar TiO2 electrode which was previously studied, 16 leads to an increase in the short circuit current (Jsc) from 11.6 mAcm -2 to 23.5 mAcm -2 and in efficiency from 1.2% to 2.6%. The high short circuit current is commonly observed in heterojunctions with PCEs of up to 3.0%. The SnS layers are fabricated using a solution based processing method that enables the film morphology and coverage to be tuned. The synthesis of pure SnS without any secondary phases was confirmed using XRD and SEM-EDX. The charge generation properties at the TiO2/SnS/P3HT heterojunction were studied using TAS. The performance of the device performance was found to be improved by inserting a PEDOT:PSS interlayer, which allows efficient hole extraction and protects the organic material during metal contact evaporation. Further investigation in the role of the interlayer is still ongoing in our laboratory in order to overcome the limited photovoltage. Finally, we note that preliminary stability studies on pristine SnS films indicate that such layers are stable when exposed to light under ambient environmental conditions ( Figure S5 ).
Therefore, we believe that further optimization of the SnS film morphology as well as the supporting device architecture should lead to the realization of a highly efficient and stable photovoltaic device technology.
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